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Norman  S.  Stoloff 

Materials  Engineering  Department 
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Troy,  New  York  12131 


INTRODUCTION 

Low  melting  metals  can  interact  with  metallic  substrates  in- 
several  distinct  ways  that  lead  to  premature  fracture  or  surface 
degradation.  The  most  spectacular,  and  widely  studied,  manifestation 
of  metal-induced  embrittlement  (MIE)  is  the  sudden  fracture  of 
stressed  metals  with  little  or  no  apparent  inter-dif f usion  or  chem¬ 
ical  interaction.  In  this  classical  form  of  embrittlement,  ductility 
is  minimized  at  or  near  the  melting  point  of  the  metallic  surface 
film,  and  is  then  restored  at  some  higher  temperature,  as  shown 
in  Fig.  1  for  zinc  embrittled  by  indium  (1).  Similar  embrittle¬ 
ment  may  be  noted  when  the  surface  film  is  solid,  but  the  degree 
of  embrittlement  is  reduced  and  then  disappears  as  the  tempera¬ 
ture  falls  well  below  the  melting  point  of  the  embrittler  -  10Q*C 
or  so  in  the  case  of  lead  on  (or  in)  steel  (2).  Other  manifesta¬ 
tions  of  liquid  metal  embrittlement  are  connected  with  rapid 
penetration  of  the  environment  along  grain  boundaries  (e.g.  gallium 
on  aluminum),  by  preferential  chemical  reactions  (e.g.  lithium  on 
iron  containing  carbon  or  carbides),  and  by  corrosion,  perhaps 
aided  by  cavitation,  in  ferritic  steel  tubing  containing  mercury 
in  a  thermal  gradient.  In  the  latter  case,  failure  of  the  compo¬ 
nent  may  occur  either  by  thinning  or  ultimate  penetration  of  the 
wall,  or  by  mass  transfer-caused  plugging  of  the  tube.  In  several 
instances,  two  or  more  of  these  phenomena  may  appear  either  simul¬ 
taneously  or  under  different  exposure  conditions  with  the  same 
combination  of  environment  and  substrate,  for  example,  aluminum 
single  crystals  and  polvcrystals  also  may  suffer  "instantaneous’' 
embrittlement  due  to  gallium. 


Fig.  1.  Effect  of  temperature  on  tensile  ductility  of  zinc"  tested 
in  indium  at  various  strain  rates  (1). 


Shchukin  et  al  (3)  have  reported  that  molten  metals  may- also 
reduce  fracture  strength  of  covalently  bonded  materials,  e-g.  germa¬ 
nium  is  embrittled  by  gold  and  gallium  and  graphite  by  alkali  metals. 
Low  melting  metals  also  reportedly  reduce  the  strength  of  Al^O^. 

Practical  implications  of  these  various  embrittlement  or  degra¬ 
dation  phenomena  may  be  noted  in  widely  diverse  industrial  situa¬ 
tions,  e*g.: 

a)  embrittlement  of  alloys  containing  low  melting  metallic 
inclusions,  as  in  steels  and  aluminum  alloys  to  which  lead 
is  added  to  improve  machinability. 

b)  deterioration  of  alkali  metal  piping  system  in  nuclear  fis¬ 
sion  or  fusion  devices  relying  upon  liquid  metal  coolants, 
as  in  the  liquid  metal  fast  breeder  reactor  or  in  lithium¬ 
moderated  fusion  devices. 

c)  embrittlement  stemming  from  plating  of  structural  parts,  as 
in  cadmium  on  steel  or  titanium  alloys. 

d)  welding,  brazing,  or  soldering  operations,  as  in  steels 
where  copper  contamination  (from  welding  electrodes)  may 
occur,  or  solder  contacting  stressed  iron-base  alloys. 

e)  various  industrial  situations  where  molten  metals  are  han¬ 
dled  or  where  metal  coatings  are  heated  above  their  melting 
points • 

Although  metal- induced  embrittlement  is  usually  to  be  avoided, 
workers  in  the  Soviet  Union  have  utilized  liquid  metals,  such  as 
Pb-Sn  eutectics,  to  facilitate  drilling  steels,  Ni-Cr  heat  resistant 
alloys,  titanium  alloys,  and  others  (3,4).  Improvement  achieved  vich 
liquid  metals  included  increased  drill  life  and  improvement  of  the 
quality  of  machined  surfaces. 


From  a  scientific  point  of  view,  catastrophic  failure  without 


apparent  diffusion,  i.e.  classical  liquid  metal  embrittlement,  has 
received  the  most  attention.  The  first  portion  of  this  paper  is 
devoted  to  review  of  the  principal  features  of  this  type  of  embrit¬ 
tlement,  followed  by  an  examination  of  the  usefulness  of  various 
predictive  criteria  for  identifying  embrittlement  couples  and  a 
critical  evaluation  of  several  proposed  mechanisms  of  embrittlement. 
Emphasis  will  be  on  monotonic  or  static  loading  situations,  since 
the  literature  of  metal-induced  embrittlement  under  cyclic  loading 
has  been  reviewed  recently  (5).  The  balance  of  the  paper  will  sum¬ 
marize  the  status  of  our  understanding  of  alkali-metal  induced  em¬ 
brittlement  processes. 

PREREQUISITES  FOR  EMBRITTLEMENT 

It  is  generally  accepted  that  for  metal-induced  embrittlement 
to  occur,  a  stressed  metal  must  be  wetted  by  the  liquid,  the  stress 
state  should  be  one  in  which  either  primary  or  secondary  tensile 
stresses  are  generated,  and  the  temperature  should  be  near  that  of 
the  melting  point  of  the  embrittler.  The  precise  relation  between 
test  temperature  and  the  melting  point  cannot  be  predicted,  since 
for  many  systems  embrittlement  occurs  well  below  T^:  for  example, 
embrittlement  of  AISI  4140  steel  begins  at  T/T^  ■  0.75  for  cadmium, 
and  0.85  for  lead  and  tin  environments  (2).  In  a  few  cases,  e.g. 
zinc  embrittled  by  tin,  Che  lower  limiting  temperature  for  embrittle¬ 
ment  is  Tg,  the  melting  point  of  the  eutectic  between  substrate  and 
embrittler  (1).  In  other  cases,  e.g.  Zn-Hg  and  Zn-Ga  (1),  there  is 
no  embrittlement  reported  at  any  temperature  below  Tm,  and  in  fact 
embrittlement  may  only  be  observed  at  T  >  T^,  as  in  the  embrittle¬ 
ment  of  austenitic  stainless  steel  by  zinc  (6)  or  pure  iron  by 
indium  (7);  the  width  of  the  temperature  range  over  which  embrittle¬ 
ment  occurs  depends  upon  strain  rate  and  can  be  over  300°C  (brass- 
Hg)  (8)  or  as  little  as  5°C  (Zn-Sn),  Fig.  1  (1).  In  addition  to  the 
basic  conditions  for  embrittlement  set  forward  above  (wetting  of  the 
substrate,  tensile  stresses,  correct  temperature  range),  the  degree 
of  embrittlement  depends  upon  ocher  conditions,  such  as  grain  size 
of  the  substrate  or  imposed  strain  rate.  Therefore,  the  number  of 
combinations  of  environment  and  substrate  that  are  found  to  be 
embrittlement  couples  is  constantly  expanding,  as  wider  variations 
in  test  conditions  are  imposed.  Among  the  "new”  embrittlement  cou¬ 
ples  recently  reported  have  been  Zn-In  (1),  Al-Bi  (9)  and  Al-Pb  (9). 
Data  for  the  latter  systems  appear  in  Fig.  2.  This  work,  in  which 
aluminum  alloys  containing  inclusions  of  bismuth,  cadmium  or  lead 
were  tested  in  impact,  shoved  that  maximum  embrittlement  required 
at  least  0.2%  of  either  solute,  suggesting  that  sufficient  embrit- 
Iter  must  be  present  to  facilitate  propagation  as  well  as  nucleation 
of  a  crack.  The  original  demonstration  of  this  phenomenon  involved 
blunting  of  gallium- initiated  surface  cracks  in  cadmium  with  inten¬ 
tionally  small  amounts  of  liquid  placed  on  the  surface  (10).  How¬ 
ever,  notch-sensitive  substrates  such  as  Fe-3.5%Si  can  be  fractured 
with  very  small  amounts  of  embrittler  (11). 


Fig.  2.  Temperature  dependence  of  energy  absorbed  during  impact 

testing  of  aluminum  containing  bismuth  or  lead  inclusions 
(9). 

Metallurgical  and  Test  Variables 

The  most  widely  utilized  model  for  explaining  the  role  of  metal¬ 
lurgical  variables  in  brittle  fracture  processes  is  the  Cottrell  (12)- 
Petch  (13)  relation,  which  was  originally  stated  in  the  form: 

ayksd  i  S  U  Y  (1) 

where  a  is  yield  stress,  ks  is  the  slope  of  a  (shear)  yield  stress 
vs.  d~  ^plot,  d  is  one-half  the  grain  diameter,  3  is  a  geometrical 
constant,  u  is  the  shear  modulus  and  y  is  the  effective  surface 
energy  for  fracture.  This  equation  may  also  be  rewritten  as: 

+  kykg  >  flu  y  (2) 

If  yielding  and  fracture  are  viewed  as  competitive  factors, 
ductile  behavior  is  promoted  by  low  yield  stress,  small  grain  size, 
and  low  resistance  of  grain  boundaries  to  propagation  of  slip,  while 
fracture  is  promoted  by  reduced  shear  modulus  or  surface  energy.  A 
ductile  to  brittle  transition  is  predicted  to  occur  in  those  mate¬ 
rials,  principally  bcc  metals,  where  a ^  is  temperature  dependent, 
since  neither  u  nor  y  is  expected  to  vary  appreciably  with  tempera¬ 
ture. 

It  has  been  proposed  that  liquid  metals  reduce  the  energy  asso¬ 
ciated  with  fracture,  and  perhaps  the  shear  modulus  at  a  crack  tip 
as  well,  thereby  inducing  brittle  fracture  in  ordinarily  ductile 
metals  and  alloys  (10).  The  precise  nature  of  the  surface  energy 
lowering  will  be  described  later;  for  now  it  is  only  necessary  to 
consider  the  consequences  of  a  reduction  in  that  energy,  including 
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Fig,  3,  Schematic  diagram  showing  influence  of  surface  energy  on 
fracture  stress  and  transition  temperature  (1). 

any  changes  in  the  plastic  work  associated  with  crack  propagation. 
Figure  3  shows  schematically  how  a  ductile  to  brittle  transition  can 
be  obtained  in  bcc  or  hep  metals  with  temperatur e-dependent  yield 
stresses,  and  nearly  temperature  independent  fracture  stresses  (1, 

14).  Note  that  lowering  the  surface  energy  from  y^  to  Y2>  as  by 
testing  in  a  liquid  or  solid  metal  environment,  causes  a  significant 
increase  in  the  transition  temperature;  no  conclusion  need  be  reach¬ 
ed  as  to  the  precise  mechanism  of  lowering  of  y.  In  all  cases, 
coarse  grain  size  increases  the  likelihood  of  brittle  fracture. 

Equation  (2)  shows  clearly  that  the  transition  to  brittle  frac¬ 
ture  should  be  aided  by  any  factor  that  raises  a ^ .  These  would  gen¬ 
erally  include  decreasing  temperature  and  increasing  strain  rate. 
Recently,  there  has  been  considerable  attention  directed  to  the 
effect  of  strain  rate,  as  outlined  below. 

The  ductile  to  brittle  transition  temperature  of  polycrystalline 
zinc  tested  in  air  ranges  between  -30°C  to  +L1°C,  dependent  upon 
strain  rate.  Testing  zinc  in  tin  or  indium  environments  at  high 
strain  rates  causes  the  transition  temperature  to  exceed  350°C,  as 
indicated  by  Che  data  of  Fig.  1  (1).  The  onset  of  embr it clement, 
however,  is  near  150°C,  independent  of  strain  rate.  Similarly,  the 
onset  of  embrittlement  in  aluminum  tested  in  mercury  remains  con¬ 
stant,  at  the  melting  point  of  mercury,  while  the  transition  temper¬ 
ature  increased  by  some  70°C  as  strain  rate  increased  from  4  x.  10"3 
sec*1  to  0.503  sec*1,  see  Fig.  4  CIS).  Aluminum  displayed  an  ex¬ 
tremely  sharp  transition  temperation  region  7°C)  and  the  fracture 
mode  was  intergranular,  independent  of  strain  rate.  Other  systems 
exhibiting  an  (linear)  increase  in  recovery  temperature  with 
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Fig.  4.  Embrittlement  of  2024-T4  aluminum  by  mercury  at  several 
strain  rates  (15). 

increasing  strain  rate  include  Zn-Hg  (1),  Zn-Ga  (1),  Ti55A/Cd  (16), 
2024Ai/Hg-3Z2n  (17),  and  4145  steel/Pb  (15). 

The  pattern  of  behavior  of  the  recovery  from  MIE  suggests  that 
the  substrate  properties  control  ductility,  rather  than  a  desorption 
reaction  (17)  or  a  transport  problem  (18).  This  approach  is  sup¬ 
ported  by  work  on  zinc  coated  with  cadmium  (1).  At  temperatures 
above  the  cadmium  melting  point,  the  yield  stress  of  zinc  at  ordi¬ 
nary  strain  rates  lies  below  the  fracture  strength  in  cadmium.  Upon 
increasing  the  strain  rate  by  a  factor  of  ten,  the  yield  stress  was 
increased  and  embrittlement  was  observed. 

Specificity 


The  strainrrate  data  illustrate  two  important  points:  that 
apparently  nonsuscepcibie  metals  at  any  temperature  may  in  fact  be 
severely  anbrittled  by  a  liquid  (or  solid)  metal  environment  if  the 
strain  rate  is  increased  sufficiently,  and  that  the  melting  point  of 
the  enbrittler  at  best  can  only  suggest  the  temperature  of  maximum 
susceptibility.  In  the  case  of  Armco  iron  tested  in  tin,  cadmium, 
bismuth  or  Fb-Bi,  the  maximum  embrittlement  occurred  near  350°C, 
even  though  the  embrictler  melting  points  differ  by  several  hundred 
degrees  (20).  These  findings  cast  serious  doubt  upon  the  signifi¬ 
cance  of  "specif icity" ,  since  so  many  embrittlement  and  non-embrit- 
tlement  couples  reported  and  summarized  in  the  literature  have  been 
identified  on  the  basis  of  experiments  at  one  or  a  few  temperatures, 
usually  at  a  single  constant  strain  rate.  Similar  caution  must  be 
exercised  in  the  choice  of  substrate  grain  size,  and  perhaps  the 


nature  of  the  environment  surrounding  the  liquid  metal  (20). 
Transport  Mechanisms 
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There  has  been  some  controversy  in  the  literature  concerning 
the  mechanism  of  embrittler  transport  to  a  crack  tip.  When  present 
as  a  liquid,  the  embrittler  is  generally  believed  to  approach  the 
crack  tip  by  bulk  liquid  flow;  however,  access  to  the  crack  tip  it¬ 
self  has  been  thought  to  occur  by  some  rapid  diffusional  process, 
such  as  second  monolayer  surface  diffusion  (21).  Gordon  (22)  has 
recently  proposed,  however,  that  liquid  zinc  can  penetrate  to  very 
near  the  tip  of  a  sharp  crack  in  4140  steel,  based  upon  both  direct 
observation  and  calculations.  Gordon  further  calculated  that  liquid 
flow  transport  is  very  rapid  for  all  liquid  metal  embrittlers,  even 
in  cracks  of  very  small  tip  radii.  However,  for  high  vapor  pressure 
liquids  such  as  zinc,  cadmium  and  mercury,  vapor  transport  also  may 
contribute,  to  embrittlement. 

Below  the  embrittler  melting  point,  transport  by  bulk  liquid 
flow  is,  of  course,  impossible,  but  transport  through  the  vapor  phase 
also  seems  to  be  unlikely  for  most  embrittlers  (other  than  zinc, 
cadmium  and  mercury).  This  is  largely  a  consequence  of  very  low 
vapor  pressures  at  their  respective  melting  points  for  lead,  bismuth, 
lithium,  indium,  tin  and  gallium  (2).  Solid  state  diffusion  is  left 
as  the  only  viable  transport  mechanism.  Grain  boundary  diffusion 
and  first  monolayer  diffusion  of  the  embrittler  over  the  substrate 
are  likely  to  be  too  slow.  Second  monolayer  or  multiple  monolayer 
self-diffusion  would  then  be  necessary  to  avoid  embrittler-substrate 
diffusion  interaction.  Surface  self-dif fusion  rates  of  10“^  to  10"^ 
cm-/sec  have  been  measured  (23),  in  good  agreement  with  apparent 
dif fusivities  inferred  from  crack  propagation  rates  in  steel. 

EMPIRICAL  PREDICTIONS  OF  SUSCEPTIBILITY 

Several  approaches  have  been  used  with  varying  success  in  recent 
years  to  predict  or  rationalize  susceptibility  of  specific  metals  to 
embrittling  environments.  Kelley  and  Stoloff  (24)  proposed  that 
cohesion  of  the  solid  is  lowered  or  shear  is  enhanced  in  the  presence 
of  a  liquid  metal  to  a  degree  determined  by  the  amount  of  the  solid- 
liquid  bond  energy.  The  Engel  (25)  -  Brewer  (26)  thermodynamic  cycle 
was  used  to  estimate  the  interaction  energy  (IE)  between  the  atoms 
of  the  two  metals  forming  an  embrittlement  couple.  [A  similar  ap¬ 
proach,  developed  independently,  has  been  applied  to  hydrogen  embrit¬ 
tlement  of  austenitic  stainless  steels  (27).]  IE  represents  the 
energy  released  by  one-to-one  bond  formation  between  atoms  of  the 
liquid  and  the  solid,  neglecting  any  effects  relating  to  less  than 
full  surface  coverage.  The  fracture  surface  energy  (FSE)  was  assumed 
to  be  proportional  to  the  bond  energy,  so  that  the  ratio  of  the 
solid-liquid  bond  energy  to  the  so  lid- so lid  bond  energy  (assumed 
equal  to  the  atomization  energy)  is  a  measure  of  the  reduction  of 


REDUCTION  IN  FRACTURE  SURFACE  ENERGY  (%) 

Fig.  5.  Calculated  reduction  in  fracture  surface  energy  relative 
to  solubility  parameter  for  various  substrate/ environment 
combinations  (24) . 

FSE  in  the  presence  of  the  liquid.  The  likelihood  of  embrittlement 
was  related  directly  to  a  second  factor,  the  solubility  parameter, 
defined  as  the  square  root  of  the  sublimation  energy  per  unit  vol¬ 
ume;  a  smallt  difference  in  solubility  parameters  (28)  defined  as 
o  *  (AE]/V^)  *  where  AE]_  *  heat  of  sublimation  and  «  molar  volume 
of  solid  and  liquid  is  indicative  of  a  large  mutual  solubility.  It 
was  proposed  that  a  plot  of  solubility  parameter  difference  vs. 
^reduction  in  FSE  could  identify  the  boundary  between  embrittlement 
and  no  embrittlement.  Fig.  5  (24).  Embrittlement  is  favored  by 
increased  reduction  in  FSE  and  by  reduced  mutual  solubility. 

Reduced  FSE  was  considered  to  arise  from  decohesion.  Fig.  6. 

This  model  was  recently  tested  by  Roth  et  al  (9)  who  calculated 
reduction  in  FSE  and  solubility  parameter  'differences  for  three  cou¬ 
ples:  Al-Bi,  Al-Cd  and  Al-Pb;  embrittlement  data  for  Al-Bi  and  Al- 
Pb  appear  in  Fig.  2.  The  reductions  in  fracture  surface  energy  for 
these  systems  were  calculated  to  be  82,  67  and  80%,  respectively. 
Relative  solubility  parameter  differences  between  aluminum  and  bis¬ 
muth,  cadmium  and  lead  were  computed  to  be  44,  48  and  40%,  respec¬ 
tively,  consistent  with  small  solubilities  of  these  elements  in 
aluminum.  The  data  for  these  alloys  all  fell  within  the  embrittling 
range  of  Fig.  5,  so  that  embrittlement  was  successfully  predicted. 
However,  the  calculations  did  not  predict  the  correct  order  of  the 
relative  severity  of  embrittlement  of  aluminum  with  the  three  envi¬ 
ronments.  The  predicted  loss  in  cohesion  caused  by  lead  and  bismuth 
is  nearly  identical,  and  larger  than  that  predicted  for  cadmium 
(and  that  for  mercury,  which  is  known  to  cause  much  more  severe 
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Fig.  6.  Schematic  diagram  of  decohesion  model,  showing  proposed 

influence  of  liquid  metals  on  bond  strength,  am,  and  energy 
to  rupture  bonds  at  crack  tip,  U  (r) .  (10) 


embrittlement  in  aluminum);  however,  bismuth  was  much  more  potent 
an  embrittler  than  lead.  Thus  the  model  was  concluded  to  be  inade¬ 
quate  in  predicting  susceptibility  to  embrittlement.  It  should  be 
emphasized,  however,  that  the  demarcation  between  embrittlement  and 
non-embrittlement  conditions  shown  in  Fig.  5  is  sensitive  to  metal¬ 
lurgical  variations  such  as  grain  size  and  environmental  considera¬ 
tions  such  as  temperature  and  strain  rate,  consistent  with  the  re¬ 
quirements  of  Eq.  (2)  (5,24).  It  was  concluded  in  an  earlier  paper 
that  "specificity  is  a  matter  of  degree:  strong  interactions  will 
lead  to  embrittlement  under  a  variety  of  test  conditions,  while  weak 
interactions  require  a  very  precise  combination  of  conditions"  (3). 
This  caveat  must  be  applied  to  any  model  of  embrittlement  that  relies 
solely  upon  bulk  thermodynamic  or  physical  properties. 


Several  alternative  approaches  to  predicting  susceptibility  of 
L>!E  consider  solely  the  reduction  in  surface  energy,  y ,  due  to  the 
presence  of  a  liquid  at  the  crack  tip.  According  to  Griffith  (29), 
for  a  body  stressed  elastically,  and  fracturing  with  no  dissipative 
processes  other  than  forming  a  new  surface  of  energy  per  unit  area, 
y  t 

3 


(plane  stress)- 


(3) 


where  E  is  Voting’s  modulus  and  a  is  half-crack  length.  Later, 
Cottrell  (12)  and  Petch  (13)  independently  showed  that  crack  nuclea- 
at  the  yield  stress  could  be  described  in  terms  of  dislocation  pile- 
ups  coalescing  to  form  a  crack  nucleus  by  Eqs.  (1)  and  (2),  except 
chat  the  appropriate  y  to  use  in  Eq.  (2)  is  the  effective  surface 
energy,  Yeff*  which  includes  the  effects  of  plastic  work. 


When  attempts  are  made  to  explain  embrittlement  phenomena 
through  a  reduction  in  surface  energy,  objections  arise,  based  upon 


the  seeming  difficulty  in  explaining  how  the  plastic  work  accompany¬ 
ing  fracture,  which  far  exceeds  the  true  elastic  surface  energy  in 
metals,  can  be  decreased  by  the  environment.  Orowan  (30)  had  sug¬ 
gested  that  plastic  work  and  elastic  surface  energy  terms  are  addi¬ 
tive  quantities.  This  apparent  problem,  in  fact,  was  solved  twenty 
years  ago,  although  apparently  not  recognized  as  recently  as  1977  by 
Birnbaum  (31)  and  in  1980  by  Jokl  et  al  (32). 


It  was  pointed  out  initially  by  Gilman  (33),  and  later  by 
Stoloff  and  Johnston  (10)  and  Westwood  and  Kamdar  (21)  in  the  context 
of  liquid  metal  embrittlement,  that  when  a  plastic  zone  is  present  at 
the  crack  tip,  the  radius,  p,  of  the  zone  will  influence  the  effec¬ 
tive  energy  to  fracture  the  material,  Y^f*  The  two  surface  energies 
are  proportional: 


(4) 


where  aQ  is  the  substrate  lattice  parameter.  On  this  model,  the 
metal  embrittler  atoms  lower  y,  as  shown  in  Fig.  6,  and  by  causing 
the  crack  tip  to  remain  sharp  during  propagation,  Yeff  is  reduced 
proportionally.  This  approach  is  much  more  straightforward  and 
tractable  than  the  more  involved  path  taken  by  Jokl  et  al  (32)  to 
come  to  the  same  conclusion. 


The  application  of  thermodynamic  surface  energy  measurements  to 
embrittlement  will  now  be  considered.  When  a  perfectly  brittle  sin¬ 
gle  crystal  is  fractured  in  an  inert  atmosphere,  Yeff  is  approximated 
by  the  solid-vapor  surface  energy  y|y  For  intergranular  fracture  of 
a  polycrystalline  alloy 


(5) 


where  yqb  is  the  energy  of  the  grain  boundary.  When  liquid  metal  is 
present,  the  equations  are  y  *  y§l  f°r  single  crystals  (or  trans¬ 
crystalline  failure  in  polycrystals)  and  y  ■  0. 5(2ys^-  Yqb)  f°r  8raln 
boundary  fractures.  For  wetting  systems  ysl  <  YSV  an<*  a  coefficient 
of  embrittlement,  n* 


ysl  2ysl  “  YGa 

!  *  -  or  - - 

1  YSV  2YSV  "  YG3 


(6) 


may  be  defined  (35,36).  The  effective  surface  energy,  Yeff,  is  sim¬ 
ply  proportional  to  the  appropriate  value  of  Y  defined  above.  As 
decreases,  the  stresses  necessary  to  initiate  or  propagate  cracks 
decrease,  and  the  ductile  to  brittle  transition  temperature  increas¬ 
es. 


Roth  et  al  (9)  have  applied  this  macroscopic  model  to  the  grain 
boundary  fracture  of  aluminum  induced  by  liquid  inclusions.  The 


severity  of  embrittlement  was  related  to  the  energies  defined  above 
in  terms  of  the  fractional  reduction  in  work  of  fracture,  AW/W,  due 
to  the  presence  of  the  liquid; 


AW 

W 


2ySV  "  YGB  ~  (2ySL  ~  YGB^ 
„  0  o 

2ysv  “  ygb 


(7-> - 


The  grain  boundary  energy  of  most  pure  metals  and  alloys  is  approxi¬ 
mately  one-third  of  Ysv*  anc*  YGB  can  expressed  in  terms  of  the 
dihedral  angle,  6,  reducing  AW/W  to  the  following: 


^  -  1  -  0.2(aece-  1)(~)  (8) 

w  o 

ygb 

Roth  et  al  (9)  concluded  from  the  large  dihedral  angles  observed  with 
lead,  cadmium,  and  bismuth  on  aluminum  that  these  elements  do  not 
strongly  adsorb  at  grain  boundaries,  so  that  Ygb/yG3  is  at,ouc  1* 

Then  AW/W  is  a  function  of  9  only,  resulting  in  AW/W  *  0.38  for  Al- 
Bi,  0.86  for  Al-Cd  and  0.81  for  AJL-Ph.  These  values  of  AW/W  are  in 
the  same  order  as  the  severity  of  embrittlement  noted  in  these  mate¬ 
rials,  as  measured  by  the  impact  energy  absorbed  when  the  inclusions 
are  liquid  ( 1 . 5 J  for  Al-Bi,  1.8J  for  Al-Cd  and  5.4J  for  Al-?b);’on 
this  basis,  the  surface  energy  approach  was  considered  applicable  to 
DIE.  In  extreme  cases,  the  dihedral  angle,  9,  approaches  zero  and 
the  liquid  metal  will  penetrate  grain  boundaries  even  if  the  solid 
is  unstressed.  In  this  case  2Yg^  ^  YG3-  Al-Ga  is  a  system  of  this 
type. 


Nicholas  and  Old  (36)  also  have  recently  advocated  use  of  y,  de¬ 
termined  from  wetting  studies,  to  correlate  with  fracture  data.  For 
example,  ratios  of  Ysi/YSV  measured  in  moderate  vacua  are  in  reason¬ 
able  agreement  with  reductions  in  the  effective  fracture  energy. 

These  observations  suggested  that  ratios  of  YSl/^SV  less  than  0.5 
are  associated  with  LME  of  zinc  (e.g.  Ysx/YSV  *  ^*^1  for  embrittling 
mercury  and  0.27  for  embrittling  gallium,  but  y si/YSV  *  1*16  f°r  non¬ 
embrittling  sodium  and  0.61  for  non- embrittling  bismuth).  However, 
ysl/ysv  is  0.5  for  non- embrittling  cadmium,  which  is  very  close  to 
the  ratio  of  0.48  noted  for  embrittling  lead.  It  is  doubtful  that 
any  model  could  so  sharply  define  an  embrittlement  condition,  espe¬ 
cially  in  view  of  the  role  of  metallurgical  variables.  Also,  no 
explanation  of  the  significance  of  a  ratio  of  0.5  was  offered,  sug¬ 
gesting  that  the  dividing  line  is  totally  arbitrary. 

Another  problem  with  the  surface  energy  model  is  that  it  does 
not  predict  changes  in  bond  strengths  with  crystallographic  orienta¬ 
tion.  Studies  on  several  metals  suggest  that  surface  energies  differ 
by  only  a  few  %  with  orientation,  while  a  difference  in  bond  strength 
of  some  30%  between  [001]  and  [111]  was  inferred  for  fracture  of 


aluminum  in  gallium  (37) . 

Several  authors  (1,19,37,38,39)  have  suggested  that  the  surface 
energies  of  pure  elements  may  be  connected  with  high  heats  of  vapor¬ 
ization  or  high  heats  of  mixing,  AHq.  Couples  which  display  a  high 
positive  4%  would  not  be  expected  to  form  bonds;  the  interfacial 
energy  is  then  expected  to  be  high  and  embrittlement  is  not  observed# 
Negative  values  of  AE^  Imply  preferred  bonding  between  environment 
and  substrate,  and  either  significant  material  solubility  or  compound 
formation  will  occur.  Only  when  AHq  is  small  and  positive  is  embrit¬ 
tlement  to  be  expected.  Limited  success  in  rationalizing  embrittle¬ 
ment  of  zinc  by  six  low  melting  metals  has  been  claimed,  see  Table  1 
(1).  However,  the  correct  order  of  embrittling  tendency  was  not 
predicted.  Moreover,  the  heat  of  mixing  approach  predicts  non¬ 
embrittlement  of  aluminum  by  lead  and  bismuth  (19),  contrary  to  re¬ 
cent  experimental  results  (9).  Worse  yet,  Tetelman  and  Kunz  (19) 
identified  hydrogen  "conclusively"  as  a  non-embrittler  of  aluminum, 
contrary  to  many  recent  published  results  (40).  A  significant  prob¬ 
lem  in  evaluating  the  model  for  other  alloy  systems  is  the  relative 
sparseness  of  Aft^  data.  Nevertheless,  the  results  obtained  to  date 
with  this  model  do  not  appear  to  be  promising;  in  fact,  Gilman  (41) 
has  pointed  out  that  heat  of  mixing  data  provide  no  better  than  50% 
success  in  predicting  embrittlement;  i.e.  there  is  no  predictive 
capability.  Perhaps  the  situation  could  be  improved  by  combining 
the  heat  of  mixing  data  with  solubility  parameter  differences  to 
establish  a  boundary  between  embrittling  and  non-embrittling  condi¬ 
tions. 

Toropovskaya  (42)  has  related  the  heat  of  fusion,  Hp,  to  inter¬ 
atomic  bonding,  suggesting  that: 


Table  1.  Susceptibility  and  AILj 


Couples 

AH* 

Embrittlement 

Zn-Bi 

19 

Yes 

Cd 

4 

Yes 

Ga 

0 

Yes 

Hg 

4 

Yes 

In 

12 

Yes 

Sn 

4 

Yes 

Cu-Na 

37 

No 

Cu-Li 

-39 

Yes-Compds 

mild  steel  -  Li 

95* 

Yes-decar b,  AIL,  typical 

mild  steel  -  Na 

236* 

No 

Al-Cd 

13 

Yes 

Al-Zn 

2 

Yes 

*  embrittlers  of  iron  tend  to  have  fairly  high  +4^. 


where  ^eat  ^uai°n  of  a  liquid-solid  solution.  Good 

agreement  for  several  embrittling  elements  on  copper  was  claimed 
between  the  ratios  of  the  thermodynamic  and  fracture  stress  quanti¬ 
ties.  No  data  for  other  than  copper  substrates  have  been  reported. 

Proponents  of  each  of  the  empirical  systems  outlined  above  can 
claim  limited  success,  sometimes  with  one  substrate,  others  with  a 
number  of  base  metals.  However,  there  is  still  no  completely  satis¬ 
factory  system  for  predicting  embrittlement  couples.  Moreover,  none 
offer  any  insight  into  the  nature  of  the  precise  environment-sub¬ 
strate  interaction  that  leads  to  embrittlement. 

MECHANISMS  OF  CLASSICAL  METAL- INDUCED  EMBRITTLEMENT 

The  precise  interaction  between  atoms  of  an  embrittler  and  a 
stressed  substrate  that  leads  to  embrittlement  remains  unknown.  The 
calculational  schemes  outlined  previously,  through  which  likelihood 
and  degree  of  embrittlement  may  be  predicted  with  varying  degrees  of 
success  do  not  shed  much  light  on  this  matter,  nor  do  the  transport 
mechanisms  also  outlined  earlier.  We  shall  now  briefly  review  sev¬ 
eral  proposed  mechanisms  of  embrittlement  that  focus  upon  events  at 
the  crack  tip,  as  follows: 

1)  decohesion 

2)  enhanced  shear 

3)  stress-assisted  dissolution 

4)  embrittlement  of  grain  boundaries  by  diffusion 
Decohesion 

The  most  widely  accepted  theory  of  both  metal- induced  and 
hydrogen- induced  embrittlement  postulates  that  chemisorbed  embrittler 
atoms  lower  bond  strength  at  the  crack  tip,  thereby  facilitating  both 
nucleation  and  propagation  or  a  crack  (10,21).  The  proposed  reduc¬ 
tion  in  cohesion  due  to  an  embrittler  atom  is  shown  schematically 
in  Fig.  6  (10).  For  a  perfectly  elastic  fracture  the  lowering  of 
bond  strength  has  two  equivalent  effects:  the  stress  to  rupture  the 
bonds  is  decreased  and  the  energy  obtained  by  integrating  under  the 
force-distance  curve  (i.e.  the  bond  energy  or  true  elastic  surface 
energy,  y)  is  reduced.  Note  that  the  diagram  implies  also  reduced 
elastic  modulus  at  the  crack  tip.  Oriani  (43)  has  pointed  out  that 
in  non-ideally  elastic  situations  (i.e.  most  structural  metals  in 
contact  with  liquid  metals  or  hydrogen),  a  reduction  in  cohesive 
stress  need  not  be  equivalent  to  reducing  surface  (cohesive)  energy. 
For  this  reason,  he  has  suggested  that  attention  be  directed  cowards 
the  bond  strength  as  being  the  critical  parameter. 


14 


The  decohesion  model,  in  spite  of  its  wide  acceptance,  is  open 
to  a  number  of  criticisms,  stemming  rrom  the  inability  of  research¬ 
ers  to  define  the  interaction  that  ultimately  leads  to  enhanced  bond 
breaking . 

If  there  is  indeed  a  finite  number  of  specific  embrittler- 
substrate  combinations,  the  decohesion  model  cannot  predict  such 
specificity.  However,  as  pointed  out  by  others  (1,44)  and  demon¬ 
strated  earlier  in  this  review,  the  presence  or  absence  of  embric cle¬ 
ment  depends  sensitively  upon  the  choice  of  test  variables  such  as 
temperature  and  strain  rate,  and  metallurgical  variables  such  as 
grain  size  and  stacking  fault  energy.  This  factor  impacts  equally 
on  other  proposed  embrittlement  mechanisms,  to  be  outlined  below, 
and  therefore  cannot  be  Che  definitive  factor  in  rejecting  any 
embrittlement  model. 

A  more  specific  criticism  of  decohesion  may  be  found  in  the 
relatively  wide  occurrence  of  delayed  failure  among  embrittlement 
couples,  as  recently  compiled,  by  Gordon. (45)  In  the  majority  of  cases, 
e.g.  4340  steel  in  cadmium  (46)  and  Cu-22Be  in  mercury  (47),  readily 
recognizable  delayed  failure  (type  A  behavior)  was  observed,  but  in 
several  instances,  all  involving  mercury  or  mercury- indium  environ¬ 
ments  on  zinc  (48),  cadmium  (48),  silver  (49),  or  aluminum  (49), 
delayed  failure  did  not  occur  (type  B  behavior).  In  type  3  situa¬ 
tions,  there  appears  to  be  a  critical  stress  above  which  failure  is 
virtually  "instantaneous"  (less  than  1-2  sec)  but  below  which  no 
failure  is  observed.  However,  Gordon  suggests  that  even  in  the 
latter  category  very  rapid  delayed  failure  may  be  occurring,  i.e. 
that  crack  nucleation  occupies  most  of  the  very  short  failure  time. 

An  incubation  period,  during  which  no  crack  greater  than  about  0.01 
mm  long  could  be  detected,  was  observed  in  delayed  failure  experi¬ 
ments  on  unnotched  4140  steel,  in  the  quenched  and  tempered  condi¬ 
tion,  embrittled  by  either  liquid  or  solid  indium.  Other  evidence 
on  this  point  is  conflictin'  an  incubation  period  having  been 
reported  in  some,  but  not  all,  systems  studied.  It  is  difficult  to 
reconcile  delayed  failure,  especially  with  an  incubation  time,  with 
a  surface-induced  decohesion  phenomenon  which  should  occur  instan¬ 
taneously  upon  contact  of  the  embrittler  atoms  with  a  crack  nucleus. 

An  added  criticism  of  the  decohesion  model  as  applied  to  hydro¬ 
gen  effects  on  fracture  has  been  made  by  Clark  et  al  (50)  who  showed 
that  the  surface  free  energy  of  a  Ni-300  ppm  hydrogen  solid  solution 
is  nearly  equal  to  that  of  pure  nickel.  However,  a  decrease  in  grain 
boundary  energy  of  about  20Z  due  to  hydrogen  in  solution  was  mea¬ 
sured  .  It  was  concluded  that  hydrogen  can  decrease  Che  work  for 
intergranular  or  transgranular  fracture  due  solely  to  adsorption 
effects  and  not  by  significantly  altering  the  lattice  potential 
between  the  solvent  atoms.  The  implications  of  these  findings  for 
metal-induced  embrittlement  are  not  yet  clear.  Similar  measurements 
of  lattice  energies  of  metal  in  the  presence  of  liquid  metals  do  noc 


seem  to  have  been  made.  Yet  the  doubt  cast  upon  decohesion  of  nickel 
by  hydrogen,  a  known  embrittler,  does  not  seem  to  bode  well  for  the 
decohesion  model  of  LME. 

Enhanced  Shear 

The  most  sustained  criticism  of  the  decohesion  model  as  applied 
to  both  LME  and  hydrogen  embrittlement  is  based  upon  metallographic 
and  fractographic  observations  of  embrittled  samples,  most  notably 
by  Lynch  (51-55).  Decohesion  implies  a  cleavage  mechanism  of  frac¬ 
ture  in  which  atomic  bonds  defining  a  crack  tip  are  ruptured  by 
forces  acting  normal  to  the  crack  plane,  leading  either  to  crystal¬ 
lographic  cracking  or  to  grain  boundary  separation.  Careful  fracto¬ 
graphic  .  examination  of  many  LME  couples  has,  however,  revealed  dim¬ 
ples  in  the  fracture  surfaces  and  there  is  metallographic  evidence 
of  considerable  plastic  strains  accompanying  fracture,  as  will  be 
described  in  the  following  section*  For  example,  fracture  surfaces 
in  polycrystalline  cadmium  embrittled  by  gallium  reveal  what  appear 
to  be  cleavage  facets  at  low  magnification.  Fig.  7  (a),  but  at  higher 
magnification  numerous  small  dimples  may  be  observed,  as  shown  in 
Fig.  7  (b)  (52).  Fractographic  examination  of  embrittled  aluminum 
single  crystals  tested  under  cyclic  loading  further  showed  that 
cracks  propagated  along  cube  planes  in  the  close-packed  <110>  direc¬ 
tions,  see  Fig.  8  (55);  and  that  extensive  slip  seemed  to  occur  on 
{111}  planes  intersecting  the  crack  tip.  On  the  basis  of  these  ob¬ 
servations,  Lynch  suggested  that  chemisorption  facilitated  nuclea- 
tion  of  dislocations  from  crack  tips.  Fig.  9  (51,53,55). 


Several  means  by  which  weak  chemisorption  can  facilitate  dislo¬ 
cation  nucleation  have  been  suggested.  The  transfer  of  electrons 


Fig.  7.  Fractograph  or  caamium  after  fracture  in  liquid  gallium. 

(a)  apparent  cleavage  facets;  (b)  shallow  elongated  dim¬ 
ples  (after  Lynch). 


from  adsorbed  species  to  atoms  of  the  substrate  at  the  surface  may 
locally  increase  the  electron  density  and  thereby  increase  the  repul¬ 
sive  force  between  adjacent  surface  atoms*  Reduced  cohesion  between 
surface  atoms  should  thereby  enable  shear  between  surface  atoms  to 
occur  more  readily.  Stoloff  and  Johnston  (10)  proposed  that  the 
localized  Young's  modulus  (and  therefore  the  shear  modulus)  at  a 
crack  tip  may  be  reduced  by  an  adsorbing  species,  see  Fig.  6. 

Krishtal  made  the  same  point  in  1970  (56),  as  did  Matsui  et  al  in 
1977  (57)  and  1979  (58),  the  latter  in  reference  to  appreciable  soft¬ 
ening  of  high  purity  iron  in  the  presence  of  hydrogen.  Birnbaum  has, 
in  fact,  reported  a  substantial  drop  in  the  shear  modulus  of  nickel, 
as  measured  in  a  torsion  pendalum  (31).  Oriani  and  Josephic  (59), 
faced  with  this  evidence,  conclude  that  softening  by  hydrogen  can 
sometimes  arise  from  a  reduction  in  interatomic  bond  strength  at  the 
dislocation  cores,  leading  to  a  lowering  of  the  Feierls  barrier  to 
dislocation  motion.  Nevertheless,  these  authors  continue  to  adopt 
the  view  chat  decohesion  is  responsible  for  em br it element ,  citing 
other  examples  of  softening  attributable  to  an  increase  in  density 
of  microvoids  or  internal  pressurization  effects.  Thus,  although  it 
is- now  widely  agreed  that  dislocation  nucleation  or  motion  can  be 
facilitated  by  hydrogen  and  perhaps  by  liquid  metals,  there  is  still 
disagreement  about  the  significance  of  such  observations. 

A  critically  important  feature  of  suggestions  as  to  the  role  of 
the  environment  is  the  concept  that  moduli  are  reduced  only  in  the 
immediate  vicinity  of  the  environment.  There  is  no  measurable  effect 
of  liquid  metals  on  bulk  elastic  or  plastic  properties,  except  that 
the  fracture  stress  and/or  strain  are  reduced.  It  seems  more  likely, 
based  upon  the  widely  divergent  fracture  observations  outlined  above, 
that  both  tensile  and  shear  strength  of  interatomic  bonds  are  de¬ 
creased  by  films  causing  LME  or  SMIE.  The  observed  fracture  mor¬ 
phology  will  then  depend  upon  such  additional  factors  as  the  availa¬ 
bility  of  a  low  energy  cleavage  plane,  segregation  of  impurities  to 
grain  or  subgrain  boundaries,  and  the  orientation  of  the  maximum 
principal  stress  axis  relative  to  individual  crystals.  Similarly, 
Clum  (60)  has  suggested  that  enhanced  dislocation  nucleation  in  iron 
at  surfaces  in  the  presence  of  adsorbed  hydrogen  can  lead  to  barrier 
formation  by  interaction  of  these  dislocations  with  slip  disloca¬ 
tions,  leading  to  embrittlement.  The  distinguishing  criteria  were 
suggested  to  be  the  number  of  dislocations  and  their  Burgers  vector 
in  any  region  of  the  solid.  The  results  of  Wanhill  (61)  on  fractur¬ 
ing  of  a  high  strength  titanium  alloy  in  mercury  also  are  consistent 
wieh  a  model  based  on  liquid  metal  facilitating  slip  on  the  {1010} 
which  intersect  (0001)  cleavage  surfaces. 

Additional  evidence  that  enhanced  shear  may  contribute  to  metal- 
induced  embrittlement  may  be  found  in  the  work  of  Goggin  and  Moberly 
(62)  on  the  tensile  behavior  of  single  crystal  aluminum  foils  ex¬ 
posed  to  gallium.  Foils  generally  failed  in  a  ductile  manner,  ex¬ 
cept  for  short  (few  micron)  segments  which  rapidly  propagated  before 


blunting  occurred.  Subsequent  failure  was  by  ductile  shear.  Cracks 
did  not  initiate  at  dislocation  pileups,  at  grain  boundaries  (in 
polycrystals)  or  at  slip  band  intersections.  In  the  case  of  cyclic 
loading  of  mercury-coated  copper,  Tiner  (63)  has  reported  that  the 
crack  apparently  propagates  at  high  velocity  by  transcrystalline 
shear.  This  observation  also  is  in  accord  with  an  environment- 
assisted  shear  model  of  LME. 

In  an  effort  to  approach  the  mechanism  of  embrittlement  from  an 
entirely  different  point  of  view,  efforts  have  been  made  to  embrittle 
amorphous  metallic  alloys  either  with  liquid  metals  or  with  hydrogen 
introduced  cathodically  (64).  Since  amorphous  alloys  deform  and 
fracture  in  inert  environments  by  a  shear  process,  it  was  anticipated 
chat  embrittlement  by  any  of  the  selected  environments  could  lead  to 
improved  understanding  of  the  relevance  of  shear  processes  to 
environmentally-induced  fracture. 

Table  2  lists  the  compositions  of  several  amorphous  alloys  test¬ 
ed  in  mercury  or  Hg-In  environments,  When  tested  in  air  in  tension 
at  room  temperature,  all  of  the  alloys  are  macroscopically  brittle; 
but  as  temperature  is  increased  appreciable  plastic  deformation  oc¬ 
curs.  Plastic  deformation  occurs  by  intense  shear  on  planes  or  sur¬ 
faces  inclined  at  about  45*  to  the  stress  axis,  see  Fig.  10  (a). 
Deformation  is  quasi-visccus  in  nature,  and  therefore  no  work  harden¬ 
ing  occurs.  Initiation  of  shear  in  one  of  the  bands  leads  to  frac¬ 
ture  at  the  yield  stress,  with  microscopic  strains  of  the  order  of 
1000Z  or  more.  Fracture  surfaces  in  air  reveal  a  veining  pattern, 
see  Fig.  II  (a).  When  these  alloys  are  tested  in  the  presence  of  a 
liquid  metal,  fracture  stresses  are  reduced.  Table  2,  the  shear  pat¬ 
tern  on  the  specimen  surfaces  changes.  Fig.  10  (b);  the  f ractographic 
features,  at  least  at  low  magnification,  appear  to  be  very  brittle, 
Fig.  11  (b).  However,  at  high  magnification  the  veining  pattern 
reappears,  Fig.  11  (c) ,  showing  that  only  the  scale  of  the  pattern 
has  changed.  Similar  effects  are  noted  in  the  same  amorphous  metals 
after  cathodic  charging.  Consequently,  it  appears  that  not  only  is 
enhanced  shear  a  viable  mechanism  for  LME  of  amorphous  metals,  but 
that  it  may  account  for  hydrogen  embrittlement  of  these  alloys  as 
well. 


Table  2.  Embrittlement 

of  Amorphous  Alloys  at 

Allov 

g?  (g?») 

Hg 

F*81.5B14.5Si4 

1.90*  0.26 

1.36*  0.5 

Fe31.5313.5Si2.5C2.5 

1.50*  0.37 

25°C  (64). 

Hg-In 
1.26  ±  0.33 

1.03  ±  0.43- 


Fe49Ni4QP14B6  (2826)  1.30  ±  0.21  1.18  i  0.16 

F*40Ni38B18Mo4.  <2826 


1. 60  *  0.19 


1.43  ±  0.17 


A  further  critical  test  of  the  enhanced  shear  mechanism  involved 
bending  of  one  of  the  amorphous  alloys  (Metglas  2826)  with  liquid 
lithium  on  the  compressive  or  tensile  side  of  the  bend  sample. 

Severe  embrittlement  vas  noted  in  either  case,  providing  clear  evi¬ 
dence  that  a  state  of  tensile  stress  is  not  necessary  for  embrittle¬ 
ment  to  occur.  This  observation  is  perfectly  consistent  with  a  frac¬ 
ture  process  depending  upon  shear  only,  but  cannot  be  explained  by  a 
decohesion  model.  However,  this  result  does  not  explain  the  apparent 
lack  of  reports  of  embrittlement  of  crystalline  metals  in  bending 
or  compression,  except  for  a  few  cases  in  which  secondary  tensile 
stresses  developed  as  a  result  of  bending.  Certainly  more  attention 
should  be  directed  to  state  of  stress  in  embrittlement  testing  to 
clarify  this  point. 

In  spite  of  the  apparent  success  of  the  enhanced  shear  model 
with  regard  to  amorphous  metals,  there  remain  serious  criticisms 
of  the  applicability  of  the  model  to  crystalline  metals: 

a)  The  formation  of  microvoids  ahead  of  a  crack  tip  should  not 
be  influenced  by  liquid  metal  atoms  at  or  just  behind  the 
crack  tip. 

b)  flo  reasonable  mechanism  for  delayed  crack  initiation  is 
offered,  since  the  alteration  of  surface  structure  of  bond¬ 
ing  should  be  virtually  instantaneous  if  it  is  caused  by 
embrittler  atom  adsorption,  particularly  if  the  embrittler 
is  in  liquid  form  (45). 

c)  Slip  on  alternating  planes  is  highly  unlikely  in  zinc  and 
cadmium,  which  deform  solely  on  the  basal  plane  for  most 
crystal  orientations. 

d)  Fracture  of  gallium-embrittled  aluminum  single  crystals 
always  occurred  on  {100}  for  four  widely  differing  initial 
orientations  (37).  It  is  not  at  all  apparent  how  alternat¬ 
ing  shear  on  two  {111}  slip  planes  could  occur  in  the  amounts 
necessary  to  produce  the  same  fracture  plane  in  each  case  (31) . 

The  questions  surrounding  both  the  decohesion  and  enhanced  shear 
models  are  sufficient  to  require  much  more  experimental  and  theoret¬ 
ical  work  before  either  mechanism  can  be  accepted  for  crystalline 
metals. 

Dissolution 

Robertson  (16),  and  later  Glilcnan  et  al  (65,66),  proposed  that 
rapid  localized  dissolution  of  highly  stressed  atoms  at  the  leading 
edge  of  a  crack  is  the  cause  of  crack  propagation  in  LME.  The  dis¬ 
solved  material  would  need  to  be  carried  away  by  diffusion  through 
the  liquid.  The  problems  with  this  approach  have  been  well  known 
for  some  time: 

(a)  dissolution  would  have  to  be  rapid  enough  to  account  tor 
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crack  propagation  rates  measured  in  cms/sec;  this  is  highly 
unlikely. 

(b)  increasing  temperature  should  lead  to  increased  embrittle¬ 
ment;  in  fact,  the  reverse  is  observed  with  most  embrittle¬ 
ment  couples,  see  Figs.  1,  2,  4. 

(c)  crack  initiation  and  propagation  are  not  separable  events, 
yet  the  embrittlement  of  4140  steel  by  indium  suggests  that 
there  are  distinctly  different  initiation  and  propagation 
stages  of  both  SMIE  and  LME  (45). 

(d)  the  mechanism  can  hardly  account  for  SMIE  at  all,  but  in  any 
case  would  predict  an  abrupt  change  in  temperature  depen¬ 
dence  of  crack  initiation  at  the  embrittler  melting  point; 
this  also  is  contrary  to  results  of  indium  embrittlement  of 
4140  (45). 

(e)  the  severity  of  embrittlement  should  increase  with  increas¬ 
ing  solubility  of  the  substrate  in  the  liquid;  this,  of 
course,  violates  one  of  the  principal  empirical  prerequi¬ 
sites  for  LME,  namely  limited  mutual  solubility  is  required 
for  embrittlement  to  occur. 

Grain  Boundary  Embrittlement 


Krishtal  (56)  has  proposed  that  LME  is  composed  of  a  two  step 
process:  embrittler  atoms  must  initially  diffuse  along  grain  bound¬ 

aries  in  the  substrate  to  a  critical  depth  and  concentrate  on  the 
boundaries,  which  are  then  embrittled.  Dislocations  produced  by 
strains  resulting  from  the  embrittler  atoms'  presence  as  well  as  dis¬ 
locations  produced  by  lowering  of  the  base  metal  surface  energy  are 
responsible  for  the  embrittlement.  Ignoring  the  rather  fuzzy  refer¬ 
ences  to  dislocation  generation,  Gordon  (45)  has  adopted  and  extended 
the  Krishtal  mechanism  to  explain  SMIE.  Embrittler  atoms  first 
change  from  the  adsorbed  to  the  dissolved  (in  Che  surface)  state, 
and  subsequent  penetration  occurs  along  grain  boundaries  or  other 
preferred  paths.  Both  steps  are  accelerated  by  the  applied  stress. 
Crack  nucleation  eventually  occurs  in  the  embrittled  zone  when  the 
proper  concentration  of  embrittler  atom  has  been  reached.  Once  the 
crack  forms,  it  grows  rapidly  until  a  visible  crack  is  produced,  or 
until  the  length  of  the  crack  is  such  that  the  transport  process 
becomes  rate  controlling. 

The  principal  advantage  of  such  a  mechanism  is  the  natural  pre¬ 
diction  of  delayed  failure  phenomena:  the  model  also  provides  rea¬ 
sonable  estimates  for  the  apparent  activation  energy  for  crack  ini¬ 
tiation  with  indium  on  4140  steel.  The  model  does  noc  address  speci¬ 
ficity,  but  can  explain  the  onset  of  embrittlement  and  the  restora¬ 
tion  of  ductility  at  some  higher  temperature  on  the  following  basis: 
as  temperature  increases  the  rates  of  solution  and  grain  boundary 
diffusion  first  become  sufficiently  high  to  cause  crack  initiation 
near  the  embrittler  melting  point,  T^.  At  temperatures  higher  than 
Ta,  volume  diffusion  from  the  boundaries  into  adjacent  grains  reduces 


Che  grain  boundary  concentration,  eventually  producing  the  character¬ 
istic  brittle-ductile  transition. 

Gordon  (45)  also  suggests  that  the  grain  boundary  embrittlement 
model  can  account  for  strain  rate,  solute,  grain  sire  and  cold  work 
effects,  all  due  to  the  influence  of  these  variables  on  volume  dif¬ 
fusion,  e.g.  at  higher  strain  races,  higher  temperatures  are  needed 
to  dissipate  grain  boundary  penetration  zones.  Decreasing  grain  size 
reduces  pileup- induced  stress  concentrations  at  grain  boundaries, 
requiring  greater  embrittler  penetration  to  accomplish  eabrit element , 
while  increasing  cold  work  increases  dislocation  density  in  base- 
metal  grains,  providing  more  short-circuit  volume  diffusion  paths  to 
dissipate  embrittler  concentrations  at  grain  boundaries. 

This  mechanism,  unfortunately,  provides  no  insight  into  the  many 
recorded  instances  of  transgranular  (or  single  crystal)  embrittlement 
noted  in  the  literature,  nor  can  it  explain  the  embrittlement  of 
amorphous  alloys.  Furthermore,  and  perhaps  most  importantly,  pre¬ 
exposure  to  the  environment,  followed  by  testing  in  an  inert  medium, 
should  cause  embrittlement;  in  fact,  this  is  rarely  the  case,  except 
for  the  well  known  Al-Ga  system  in  which  diffusion  along  grain  bound¬ 
aries  is  very  rapid  (67)  and  for  single  crystals  of  zinc  in  contact 
with  mercury  or  gallium  which  display  embr it  clement  due  to  the  forma¬ 
tion  of  a  brittle  alloy  layer  (68). 

SIMILARITIES  AMONG  EMBRITTLEMENT  PHENOMENA 

In  recent  years  there  has  been  renewed  interest  in  possible 
links  between  embrittlement  phenomena:  e.g.  impurities  that  promote 
temper  embrittlement  also  have  been  shown  to  increase  the  suscepti¬ 
bility  of  steels  to  hydrogen  embrittlement.  More  importantly,  there 
have  been  several  cases  where  hydrogen  embrittlement  and  MIE  have 
been  closely  linked  (19,51,54,69,70),  both  in  crystalline  and  amor¬ 
phous  substrates,  as  pointed  out  earlier.  This  linkage  has  been 
based  on  the  following  conditions  which  appear  to  be  necessary  for 
embrittlement  of  crystalline  metals  with  both  species: 

a)  tensile  stress  must  exist  in  the  base  metal  (this  has  now 
been  cast  in  doubt  for  amorphous  metals) 

b)  pre-existing  cracks  or  stable  obstacles  to  dislocation  motion 
must  be  present 

c)  embrittling  species  must  be  present  at  the  obstacle  and  sub¬ 
sequently  at  the  tip  of  the  propagating  crack 

d)  low  mutual  solubilities,  little  tendency  to  form  compounds 
and  strong  binding  energies  are  characteristic  of  embrittle¬ 
ment  couples. 

In  the  case  of  steels,  certain  other  similarities  also  have 
been  noted  (54,71): 
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1)  embrit tlemenc  tends  to  increase  with  increasing  strength 
level* 

2)  elements  that  form  stable  compounds  with  the  solid,  when 
added  to  the  liquid,  inhibit  MIE,  just  as  oxygen  inhibits 
embrittlement  by  hydrogen. 

3)  the  temperature  sensitivities  of  HE  and  MIE  are  similar, 
with  maximum  embrittlement  noted  at  some  intermediate  tem¬ 
perature  (room  temperature  for  HE,  generally  near  the  melt¬ 
ing  point  of  the  liquid  for  MIE,  see  Figs.  1,  4. 

4)  factors  that  favor  planar  glide  increase  susceptibility. 

5)  similar  crack  growth  rates  have  been  observed  for  D6AC  steel 
in  mercury  and  in  dissociated  hydrogen  (54). 

Temper  embrittlement  (TE),  HE  and  MIE  also  may  be  linked  in  the 
common  effects  of  certain  Impurities,  most  notably  antimony  and  tin, 
in  promoting  fracture.  Breyer  and  Johnson  (72)  have  noted  the  appar¬ 
ent  connection  between  TE  and  MIE,  while  Yoshino  and  McMahon  (73) 
have  noted  a  relation  between  conditions  favoring  TE  and  HE,  thereby 
suggesting  that  there  may  be  a  common  predisposition  of  certain 
steels  to  all  three  types  of  embrittlement.  It  should  be  pointed 
out,  however,  that  even  if  such  a  common  predisposition  exists,  there 
need  not  be  a  single  mechanism  by  which  bond  strength  (or  fracture 
energy)  is  reduced. 

EFFECTS  OF  ALKALI  METALS  ON  MECHANICAL  PROPERTIES 

Sodium  and  lithium  are  to  be  used  in  contact  with  structural 
materials  in  the  liquid  metal  fast  breeder  reactor  and  in  controlled 
fusion  devices,  respectively.  Much  of  the  research  on  suitable  con¬ 
tainment  materials  for  high  temperature  lithium  has  focussed  on  fer¬ 
rous  alloys,  including  carbon,  low  alloy  and  stainless  steels.  In 
addition,  there  are  some  limited  data  on  embrittlement  of  nickel  and 
palladium- based  alloys. 

Two  characteristics  of  lithium- induced  embrittlement  differ  from 
those  associated  with  most  embrittling  metals.  Firstly,  the  degree 
of  embrittlement  produced  by  lithium  is  very  sensitive  to  the  atmo¬ 
sphere  in  which  the  lithium  is  applied,  see  Fig.  12  (74),  due  prob¬ 
ably  to  differences  in  moisture  content  as  well  as  due  to  the  varia¬ 
tion  in  wetting  behavior  of  the  lithium.  Secondly,  lithium  can  cause 
embrittlement  at  stresses  much  below  the  apparent  or  macroscopic 
yield  stress  of  the  substrate.  In  fact,  the  ratio  of  wetted  fracture 
stress  to  unwetted  yield  stress  for  Ni-Cu  and  ?d-Ag  silver  alloys  can 
be  as  low  as  0*2  (74).  This  contrasts  with  the  situation  for  most 
crystalline  substrates,  for  which  the  wetted  fracture  stress  is  equal 
to  or  greater  than  the  unwetted  yield . stress.  Embrittlement  noted 
with  lithium  often  is  concentrated  at  grain  boundaries  (75),  leading 
to  the  conclusion  that  decarburization  at  grain  boundaries  can  facil¬ 
itate  crack  growth.  However,  recent  work  on  amorphous  alloys  has 
demonstrated  severe  lithium  embrittlement  of  FeAqNi^Qp^Bg  in  the 


Fig.  12.  Influence  of  test  conditions  on  fracture  stress  of  Ni-Cu 
alloys  in  molten  lithium  (74). 

absence  of  both  grain  boundaries  and  carbon  (76).  Therefore  lithium 
must  have  an  intrinsic  effect  on  bond  strength  as  well. 

A  limited  amount  of  fatigue  data  on  steels  in  alkali  metal  en¬ 
vironments  is  available.  A  2-l/4Cr-lMo  steel  tested  in  lithium  con¬ 
taining  1.5%N  shows  a  much  higher  crack  growth  rate  at  low  rela¬ 
tive  to  the  same  steel  tested  in  argon  at  400°C,  40  cpra  (75).  Later 

work  showed  that  the  apparent  embrittling  effect  of  lithium  is  in¬ 

creased  at  higher  frequency,  see  Fig.  13  (77).  At  low  frequencies, 
it  was  suggested,  stress-assisted  grain  boundary  penetration,  leading 
to  intergranular  cracking,  is  enhanced,  while  at  high  frequencies  a 
form  of  strain-rate  induced  transgranular  LME  occurs.  Lithium  could 
increase  the  crack  growth  rate  relative  to  argon  at  IK  <  40  ksi/in, 
by  weakening  grain  boundaries,  while  the  improvement  at  high  IK 
could  arise  from  screening  of  oxygen  from  crack  tips,  as  observed 
for  316  SS  in  sodium.  Fig.  14  (78).  Sodium  with  a  low  impurity  con¬ 
tent  (0.3  ppm  C,  1  ppm  0)  has  been  shown  to  increase  LCF  life  of 

316  SS  by  three  to  four  times,  relative  to  air,  while  no  effect  of 
environment  is  noted  in  304  SS  (79).  However,  pre-exposure  of  304  SS 
to  sodium  causes  LCF  life  to  be  reduced  at  strain  ranges  above 
0.33,  with  longer  lives  at  strain  ranges  below  this  value.  There  is 
little  effect,  however,  of  pre-exposure  of  316  SS  to  sodium.  The 
difference  in  response  of  the  two  steels  is  atrributed  to  greater 
depth  of  carbon  penetration  in  304  than  in  316  under  the  pre-exposure 
conditions. 


SUMMARY 
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Metal- induced  embrittlement  encompasses  an  intriguing,  complex 
set  of  phenomena  which  have  not  yet  been  satisfactorily  explained. 

The  metallurgical  and  environmental  conditions  favoring  embrittlement 
are  now  well  known,  and  several  empirical  techniques  to  rationalize 
or  predict  observed  embrittlement  have  met  with  limited  success. 

Our  knowledge  of  possible  transport  mechanisms  has  been  improved. 

The  least  success  has  been  achieved  in  identifying  an  embrittlement 
mechanism  which  simultaneously  can  describe  the  interaction  between 
embrittler  and  base  metal,  predict  which  combinations  of  environment 
and  substrate  will  constitute  embrittlement  couples,  and  finally  can 
explain  the  varied  effects  of  metallurgical  and  test  variables.  As 
in  the  case  of  hydrogen  embrittlement,  there  is  reason  to  suspect 
that  more  rhan  one  mechanism  is  responsible  for  "classical"  metal- 
induced  embrittlement;  for  example,  liquid  metal  embrittlement  of 
amorphous  metals  is  best  explained  by  enhanced  shear,  liquid  metal 
embrittlement  of  many  crystalline  metals  can  be  explained  by  either 
enhanced  shear  or  decohesion  models,  while  solid-metal  induced 
embrittlement  and  all  forms  of  delayed  failure  phenomena  may  best  be 
explained  by  a  grain  boundary  penetration  model. 

Finally,  degradation  of  structural  alloys  by  alkali  metals  under 
monotonic  and  cyclic  loading  often,  but  not  always,  is  controlled  by 
the  presence  or  absence  of  impurities.  Experiments  with  nickel  and 
palladium  alloys  as  well  as  with  amorphous  alloys  indicate  that  lith¬ 
ium,  in  particular,  can  have  a  devastating  effect  on  mechanical 
properties  even  under  conditions  where  impurity  effects  are  minimal. 
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